Neisseria meningitidis causes around 500 000 cases of meningitis and septicemia globally every year and has a case-fatality rate of 10% in developed countries [1] . The organism is carried asymptomatically in the nasopharynx by approximately 10% of the population, with highest carriage rates of up to 25% in 15-25 yearolds [2, 3] . The peak incidence of invasive disease occurs in children between 6 months and 2 years of age, with a second smaller peak in adolescents and young adults. In Canada, the incidence of invasive meningococcal disease (IMD) has been <2.1 cases per 100 000 per year since the 1950s, with the majority of disease being caused by serogroup B and C organisms [4] . Between 1995 and 2001 the incidence was just below 1.0 per 100 000 per year, with 40% of cases caused by serogroup C. There was a rapid increase in serogroup C incidence between 1998 and 2001, when it reached almost 0.6 per 100 000 per year and caused over half of all cases [4] . In addition, there were 8 outbreaks of serogroup C disease in Canada between 1999 and 2001 [5] .
In October 2001, the National Advisory Committee on Immunization (NACI) recommended inclusion of the meningococcal C conjugate vaccine (MCCV) in the routine childhood immunization schedule in Canada [6] . The initial recommendation was for 3 doses at 2, 4, and 6 months of age, with a modified schedule for older children [6, 7] . Current schedules include 0-3 doses in infants (<1 year of age), 1 dose at 12-23 months, and 1 dose at 12-24 years. Between 2001 and 2005, all provinces and territories except Nunavut introduced MCCV into the routine schedule. Differences in local disease epidemiology and programmatic considerations led to a variety of schedules being used in different regions of Canada.
The primary objective of this study was to determine the incidence of serogroup C IMD before and after introduction of MCCV across Canada. Secondary objectives were to assess the impact on other serogroups, and in particular examine if there were any evidence of serogroup replacement, as well as to use the provincial variability in immunization schedules as an opportunity to compare different dosing schedules, and to compare the impact of the vaccine in different age groups, including any difference between those who were targeted for vaccination (direct effects) and those who were not (indirect effects).
PATIENTS AND METHODS

Study Locations
Active, prospective, population-based surveillance of IMD in children and adults across Canada has been conducted by the Canadian Immunization Monitoring Program, ACTive (IMPACT) since 2002. Surveillance was coordinated by 12 urban centers, which collected data from over 150 hospitals in 8 provinces. The catchment area of these hospitals included over 16 million individuals, around 50% of the Canadian population, and approximately 90% of the pediatric tertiary care beds in Canada. This study included patients admitted to hospital with IMD between 1 January 2002 and 31 December 2012. To enable incidence rate calculations, a defined study population area was created for each IMPACT center based on the catchment areas of study hospitals.
Provinces used different schedules when implementing the MCCV Program (Supplementary Table 1 ). In Quebec MCCV was introduced in 2001 with a campaign to vaccinate all those between 2 months and 20 years of age, followed by routine immunization of 12-month old children and catch-up for older children. Alberta introduced the vaccine with doses at 2, 4, and 6 months from 2002 (and modified to 2, 4, and 12 months in 2007) with the addition of an adolescent dose at 14-16 years in 2010. In British Columbia, the vaccine was introduced in 2003 with doses at 12 months and 11-12 years. An additional dose at 2 months was added in 2005 and a catch-up program was offered to adolescents aged 14-18 years during [2004] [2005] [2006] [2007] . In 2004 Ontario and Saskatchewan introduced the vaccine, followed by Nova Scotia, Manitoba and Newfoundland and Labrador in 2005. These 5 provinces all introduced a 2-dose schedule, with an initial dose at 12 months and a booster/catchup dose between 10 and 16 years, depending on the province. Manitoba initially introduced the adolescent dose only, changing to a 2-dose schedule in 2009. In some provinces the adolescent dose is now administered as a component of the meningococcal quadrivalent conjugate vaccine, which protects against serogroups A, C, W, and Y.
Study Subjects
Patients with N. meningitidis identified by culture or polymerase chain reaction from a normally sterile body fluid or tissue, most commonly blood and/or cerebrospinal fluid, were included. Cases were actively identified via microbiology laboratories, infection control practitioners, ward and intensive care unit staff and local public health units, and by interrogation of hospital databases for relevant discharge codes based on International Classification of Diseases (ICD)-9 and ICD-10, which included terms for meningococcal disease.
Data Collection
Clinical data were collected from patient health records, and immunization history was also collected from immunization registries and family doctors. All information was recorded into a standard form, which was reviewed at the IMPACT data center before being entered into an electronic database. A dual data entry process was used with separate operators and preprogrammed consistency checks.
Characterization of Bacterial Isolates
All isolates were characterized initially in the local and provincial laboratories according to standard procedures and then sent to the National Microbiology Laboratory where the serogroup was confirmed and isolates were stored.
Incidence Rate Analysis
Age-specific population estimates of the defined study population areas were obtained from the 2006 Census of Population [8] . Study subjects residing outside the defined study population area were excluded from the incidence analysis. Poisson regression models were used to examine trends in the incidence of IMD, categorized by serogroup, province, age, and immunization status, and the logarithm of the population was used as an offset for the Poisson regression. The incidence rate ratio (IRR) was calculated for each model, to estimate the relative change in incidence per year and determine P-values. SAS (version 9.3, SAS Institute, Cary, NC) was used for all analyses.
For each province the year of introduction of MCCV was considered to be year 0 of the MCCV Program, with years prior to vaccine introduction designated −3 to −1 and years following MCCV +1 to +11. Data from all IMPACT provinces contributed to years +1 to +7, whereas years −3 to −1 included data from all IMPACT provinces except Quebec and Alberta and data for years +8 to +11 were based on Quebec, Alberta, British Columbia, Ontario, and Saskatchewan (Table 1) . Analysis of serogroup-specific incidence rates was performed for years −2 to +8 as these years included the majority of the study population. This avoided distortion of the data by local epidemiologic variations, such as an ongoing outbreak of serogroup B disease in Quebec [9] . Analysis for direct effect of the vaccine included all individuals within age groups who were targeted for vaccination (Supplementary Table 1 ). All other individuals were included in the analysis of indirect effects of the vaccine. Alberta was excluded from the analysis of indirect effects as the adolescent dose was only introduced in 2010, and indirect effects are mediated via interruption of transmission in this age group. For Manitoba, children aged 1-4 years were excluded from the analysis of direct and indirect effects as this group would have been classified in the indirect group initially, and then the direct group from 2009 following introduction of the dose in early childhood.
Ethical Considerations
Appropriate approvals for the study were obtained in all hospitals.
RESULTS
Population Characteristics
There were 943 cases of IMD in the study population between 2002 and 2012 and 81 deaths, giving a case-fatality rate of 8.6%. For the 172 serogroup C disease cases (18% of the total), the average age was 33 years, and the case-fatality rate was 12.2%. Within the defined study population area there were 807 cases, and these were included in further analyses. There were a total of 157 cases of serogroup C disease in the defined study population area (19% of the total), with a peak of 37 cases in 2002 and fewer than 8 cases per year from 2009 onward ( Table 1) . b Year of introduction of MCCV was considered to be 'Year 0,' with years prior to vaccine introduction designated −3 to −1 and years following MCCV +1 to +11, depending on the province (see Supplementary Table 1 for full details of vaccine introduction in each province).
Serogroup-Specific Incidence of IMD in Canada
Between 2002 and 2005, during the introduction of MCCV across Canada, the incidence of IMD was 0.14 per 100 000 per year for serogroup C and 0.33 per 100 000 per year for all other serogroups combined. Between 2009 and 2012, when all vaccine programs had been established, the incidence had decreased by 77% to 0.03 per 100 000 per year for serogroup C (P < .0001), with no significant change in non-C disease, which was 0.34 per 100 000 per year (P = .9811). Separate analyses for serogroups B and Y confirmed there was no significant change in the incidence of these serogroups (P = .5676 and P = .1768, respectively). In relation to year of MCCV introduction, the incidence of serogroup C disease was 0.10 per 100 000 per year during years −2 to −1, with the highest rates in Nova Scotia and British Columbia (0.25 and 0.24 per 100 000 per year, respectively). In the 8 years following vaccine introduction, serogroup C disease decreased to <0.05 per 100 000 per year, declining at a rate of 14% per year (P = .0014) (Figure 1 ).
Incidence of Serogroup C IMD in Different Provinces
There was a similar reduction of serogroup C disease in all provinces ( Figure 2 ). In Quebec, there was a 98% reduction in serogroup C disease between year +1 and years +8 to +11 (P < .0001). In Alberta, the incidence was 0.61 per 100 000 per year in 2002 (year 0), and this decreased by 98% to 0.01 per 100 000 between years +4 and +9 (P = .0051). However, there were 5 serogroup C cases in 2012 (year +10) in unvaccinated individuals in Alberta, and when these were included in the analysis, the overall decrease of 93% observed throughout the study period no longer achieved statistical significance (P = .1195). Four of these cases occurred in individuals aged between 11 years and 23 years, with 1 additional case in a 40-year old. British Columbia had a significant reduction of 92% in serogroup C disease (P = .0088), and in provinces using a 2-dose schedule there was a downward trend, with a decrease of 66% from years −3 to −1 until +4 to +8 (P = .0825).
Age-Specific Incidence Rates of Serogroup C IMD
The highest incidence of serogroup C IMD occurred in the 15-24 year age group (Figure 3 ) and declined by 83% from 0.27 per 100 000 per year (years −3 to −1) to 0.05 per 100 000 per year (years +4 to +11; P = .0100). Although the overall incidence in adults aged over 24 years was lower, there was a significant reduction in serogroup C disease of 41% (P = .0009). In children <15 years of age there was a downward trend in incidence, with a drop of 44% (P = .4284).
Comparison of Direct and Indirect Effects of the Vaccine
The incidence in those targeted for vaccination was 0.14 per 100 000 per year prior to MCCV introduction, compared to a lower incidence of 0.10 per 100 000 per year in populations who were not included in the immunization schedule. A reduction in serogroup C disease was seen in both vaccinated and unvaccinated populations. In the vaccinated, directly protected population there was an 87% reduction in incidence during the study period (P = .0049) and a decrease of 46% in the unvaccinated, indirectly protected population (P = .0107; Figure 4 ).
Cases of Serogroup C Disease in Recipients of MCCV
There were a total of 9 cases of serogroup C IMD in individuals who had previously been vaccinated with MCCV (Table 2) . One child received a dose of vaccine 4 days prior to admission so would not be expected to be protected. Three children who were approximately 3 years of age when they had IMD had received 2 doses of vaccine in early infancy but missed the 12-month dose. Two children (aged 2 years and 3 years) had received a single dose of MCCV at 12 months. Three children had received a single dose of vaccine between 3 years and 14 years of age and developed disease just over 5 years postvaccination.
DISCUSSION
This study has demonstrated that MCCV has resulted in a dramatic and sustained reduction in serogroup C meningococcal disease across Canada. If this effect is representative of the entire country, 75-85 IMD cases and 10-12 deaths will have been prevented in Canada annually [10] . There has been no evidence of serogroup replacement overall, and a reduction in disease in all provinces irrespective of the schedule used, suggesting that the doses at 12 months and in adolescence may be the most important (and perhaps sufficient) since these were almost universally included in immunization schedules. This study has provided clear evidence that this vaccine likely induced herd immunity by reducing the transmission of N. meningitidis, protecting those in the population who were not vaccinated and likely provided longer lasting population protection by prevention of meningococcal carriage.
The reduction following introduction of MCCV in Canada is similar to other countries. In Europe there was a 10-fold drop in the incidence of serogroup C IMD in the 4-7 years after vaccine introduction in 6 countries [11] . These countries used 2-3 doses in infants or a single dose at 12 months, with a catch-up campaign and no routine adolescent dose. In the United Kingdom there was a decrease of 99% in serogroup C disease from 1.85 to 0.02 per 100 000 per year in the 10 years following vaccine introduction, initially using a schedule of 3 doses in early infancy and a mass immunization campaign of everyone up to 24 years of age [12] . This was subsequently changed to 2 infant doses plus a 12-month dose, similar to the initial schedule used in Alberta. The decrease in the United Kingdom is similar to Canada in provinces where such longer-term data are available. In the Netherlands, children receive a single dose of MCCV at 14 months of age, although a catch-up campaign of all children up to 18 years was undertaken when MCCV was introduced -similar to the program in Quebec. In 8 years following MCCV introduction, there was a decrease in serogroup C incidence from 1.7 to 0.03-0.07 per 100 000 per year [13] . Similar successes have also been achieved in Spain and Australia, but neither of these countries use an adolescent dose [14] .
MCCV has been a highly successful vaccine globally, in large part due to its ability to induce herd immunity by reducing nasopharyngeal carriage of N. meningitidis and consequent interruption of transmission, primarily in adolescents and young adults [15] . Inclusion of an adolescent dose of vaccine to include this age group has therefore been a critical strategic decision during vaccine implementation. Although the presence of a routine adolescent dose should maintain population herd immunity, the effect of a 1-off catch-up campaign has the potential to diminish over time due to waning of immunity in those immunized as young children [13] . The cases of disease in vaccinated individuals in this study confirm what others have demonstrated regarding persistence of immunity following vaccination with MCCV. Overall, 8/157 cases (5.1%) occurred in vaccinated children (excluding the child who developed disease 4 days post-vaccine). This is similar to data from the United Kingdom, where there were 53 cases in vaccinated children [16] in the first 3 years after introduction of MCCV of a total of 1294 serogroup C cases (4.1%) [17] . In the majority of children, protection following doses in early infancy does not persist beyond 12 months of age [18] , whereas immunity is maintained for 1-2 years after a dose at 12 months of age [13] , 2-5 years for those vaccinated between 1 year and 9 years of age, and at least 5 years if vaccinated when 10 years or older [19] [20] [21] [22] .
All provinces and territories in Canada have had a routine adolescent meningococcal vaccine dose in place since 2007, with the exception of Alberta (introduced in 2010) and Quebec (2013) . This should ensure the current low incidence of serogroup C disease in Canada persists, as long as the high coverage required to sustain herd immunity can be achieved. This appears particularly relevant to serogroup C because the highest incidence rate was observed in the 15-24 year age group. In Europe only Austria, Switzerland, and the United Kingdom currently have a routine adolescent dose [23, 24] . The importance of the adolescent booster is also suggested in this study with 4 cases in Alberta in 2012 occurring in unvaccinated individuals in this age group, where the adolescent dose was introduced in 2010, 8 years after MCCV was introduced. It will be important to observe whether serogroup C IMD reemerges in those countries where incidence was previously high and an adolescent dose is not used. The major strengths of this study are that it was based on active, population-based surveillance to maximize case ascertainment and provides accurate estimates of disease incidence. Inclusion of several provinces and various MCCV schedules has enabled comparison of the different strategies, which can be used to inform future policy decisions in Canada and internationally. The study also has some limitations. Some individuals with IMD residing within the defined study population area may have attended hospitals outside the IMPACT network, leading to an underestimate of disease incidence. If individuals were too sick to have appropriate samples taken early in their illness or they died before samples could be obtained, the bacterium would not be isolated, and such cases would be excluded. The study population areas are generally in urban areas, so data from cases in rural areas were limited. Although it is possible that epidemiology may be different in rural Canada, trends are similar to data collected by the National Enhanced Invasive Meningococcal Disease Surveillance System [10] , suggesting that these results are a true reflection of Canadian epidemiology. Systematically collected vaccine uptake data were not available to include in the analyses to provide further support to the conclusion that reduction in serogroup C disease was due to implementation of MCCV. Available data from some provinces show that uptake of MCCV has been high at 82%-96% [9, [25] [26] [27] [28] [29] , suggesting that MCCV has led to the decreased disease incidence. The number of cases of serogroup C IMD is relatively small, particularly in the 6 month to 2 year age group. Therefore, analyses in some subgroups, including those aged <15 years, did not achieve statistical significance although a downward trend was always observed. However, statistical significance was still achieved for most of the analyses, suggesting that effects were large enough for robust conclusions to be drawn.
The reduction of serogroup C IMD has been a great success story for immunization. The variable implementation of MCCV in different provinces has provided a unique opportunity to compare different policies and as data have emerged about this vaccine, so the vaccination strategies have evolved. Following the successful control of serogroup C IMD, future attention will focus on reduction of disease caused by other serogroups, primarily serogroup B, which is now the leading cause of IMD in Canada [30] . A new vaccine based on subcapsular proteins found within the bacterial outer membrane has recently been licensed in Europe [31] and Canada (www.hc-sc.gc.ca). Quadrivalent meningococcal conjugate vaccines for serogroups A, C, Y, and W are currently used in several provinces and territories as the adolescent dose as an alternative to MCCV. Adequate individual surveillance, particularly in childhood, is also needed to maintain the current low rates of serogroup C disease, to ensure children receive all recommended doses.
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